The relationship between low-grade metasedimentary and high-grade paragneissic Precambrian rock units in the Bras d'Or terrane of central Cape Breton Island is a long-standing geological problem. Wholerock geochemical and Nd isotopic data from representative components of these units in the Kellys Mountain area, the Glen Tosh formation and Kellys Mountain Gneiss, show strong similarity. Major and trace element characteristics suggest that protolith sediments for both units were wackes derived from felsic igneous sources and deposited at an active continental margin. Samarium-Nd isotopic data in combination with previously published detrital zircon ages show that the sediments contained an ancient (ca. 2 Ga) end-member of recycled continental crust mixed with a juvenile component of Late Neoproterozoic age. The similarities suggest that the rocks represent the same sedimentary unit at different grades of metamorphism, implying a major crustal break under the area of mixed dioritic and granitic rocks that separates the gneissic and lower grade rocks. 
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In addition to the larger questions such as the relationship of these rocks to units of similar age in adjacent Avalonia and their original position within Rodinia (e.g., Barr and White 1996; Keppie et al. 1998; Keppie et al. 2000; Barr et al. 2003) , a long-standing uncertainty has been the relationship between the lower grade units, collectively termed the George River Metamorphic Suite in the Bras d'Or terrane and the Green Head Group in southern New Brunswick, and the gneissic units, collectively known as the Bras d'Or Gneiss and Brookville Gneiss in the Bras d'Or and Brookville terranes, respectively. Where observed, contacts between these units in both Bras d'Or and Brookville terranes are Carboniferous and older faults that range from ductile to brittle, and hence several interpretations of their relative depositional ages have been proposed: (i) the gneissic rocks form the basement beneath the low-grade metasedimentary units (e.g., Nance 1987); (ii) the gneissic rocks are the highgrade metamorphic equivalent of the lower grade units (e.g., Milligan 1970) ; and (iii) the gneissic rocks are younger than the low-grade units (Wardle 1978; Bevier et al. 1990; White and Barr 1996) .
The present study was undertaken to try to resolve the fundamental question of the relationship between the metasedimentary and gneissic rocks by comparing whole-rock major-element, trace-element, and Sm-Nd isotopic composition of clastic units in the George River Metamorphic Suite to that of paragneissic components of the Bras d'Or Gneiss.Kellys Mountain was selected for this study because both the gneissic and lower grade metasedimentary units are well exposed in that area, and field relations are relatively well understood (Barr et al. 1982; Jamieson 1984; Raeside and Barr 1990 ).
GeOLOGiCAL BACKGrOUND Kellys Mountain Gneiss
Gneissic rocks form the central core of Kellys Mountain, surrounded and intruded by dioritic and granitic rocks (Fig.  1) . As described by Jamieson (1984) , the gneiss is mainly medium-to coarse-grained cordierite-bearing migmatitic paragneiss consisting of cordierite-biotite-K-feldsparplagioclase-quartz with accessory tourmaline, apatite, and opaque minerals (Fe-Ti oxides). K-feldspar is stable, muscovite is present only as a retrograde mineral, garnet is very rare, and cordierite occurs in both mesosome and leucosome. The paragneiss locally contains areas of tonalitic to granodioritic orthogneiss, as well as amphibolite sheets, likely originally mafic dykes. The foliation in the gneissic rocks generally trends north-northwest with steep dip (Fig. 2; Jamieson 1984) .
The degree of migmatization increases toward the centre of the gneiss, away from the exposed contacts with the surrounding plutonic rocks. Based on mineral assemblages and absence of prograde muscovite, Jamieson (1984) inferred that peak metamorphic conditions occurred at 100-350 MPa and 580-700°C. The age of metamorphism is constrained by U-Pb dating of titanite from amphibolite in the gneiss, which gave an age of 496 ± 5 Ma , and by similar ca. 495 Ma 40 Ar/
39
Ar dates from hornblende, muscovite, and biotite in both the gneiss and amphibolite sheets in the gneiss (Keppie and Dallmeyer 1989; Reynolds et al. 1989) . Metamorphic monazite separated from the gneiss yielded nearly concordant data, with a 206 Pb/ 238 U age of 515 ± 1 Ma, interpreted to date the time of migmatization (Keppie et al. 1998) . Attempts to constrain the protolith age of the gneiss were unsuccessful, as single-and multi-grain zircon analyses are moderately to highly discordant, with 207 Pb/ 206 Pb ages ranging between 843 and 1700 Ma (Keppie et al. 1998) . The data scatter about a chord between 657 and 1840 Ma, but the discordant nature of the data and their scatter indicate that the zircons have several generations of growth and (or) Pb loss, making it difficult to interpret the significance, if any, of the chord.
Glen tosh Formation
Lower grade metasedimentary rocks (described below) form the southwestern part of Kellys Mountain, separated from the gneissic rocks by dioritic and granitic rocks (Fig.  2) . Similar rocks occur north of Big Hill and in scattered outcrops farther north, and all of these rocks, including those in the southwestern part of Kellys Mountain, were assigned by Barr (1990, 1992) to the Barachois River Metamorphic Suite, a component of the George River Metamorphic Suite (Figs. 1, 2 ). According to Raeside and Barr (1992) , the Barachois River Metamorphic Suite is composed mainly of semipelitic and mafic lithologies, with metamorphic grade that ranges from upper-amphibolite to subgreenschist facies. The highest grade rocks occur in the north where the suite is surrounded by the 555-565 Ma plutons of the southeastern Cape Breton Highlands. Although Barr (1990, 1992) interpreted the gneissic rocks of the northern outcrop areas of the Barachois River suite as being correlative with lower grade phyllite and greenschist in the southern Cape Breton Highlands and with metasiltstone in the Big Hill and Kellys Mountain areas, that relationship is uncertain. Hence the new informal name Glen Tosh formation is introduced here for the low-grade, mainly metasedimentary, rocks in the Kellys Mountain-Big Hill area (Fig. 2) .
In contrast to other areas of the George River Metamorphic Suite which include carbonate as well as clastic rocks, the rocks in the Glen Tosh formation are psammitic and semi-pelitic, consisting dominantly of sutured quartz and feldspar, with variable but generally small (<10%) . . amounts of biotite and muscovite, with accessory apatite, tourmaline, and opaque minerals. Grain size is variable and may represent variation in clast size in the original wacke protolith. Cordierite appears to be common in many of the rocks, though in most cases is completely retrograded to pinite or sericite making it difficult to be certain in rocks that have been completely retrograded. Extremely large cordierite porphyroblasts up to 10 cm in length now pseudomorphed by pinite/sericite are present in muscoviterich rocks from the extreme southwestern part end of the study area. Ragged andalusite grains were noted in a few samples, where it is at least partly altered to sericite, and garnet also is present in a few samples. In rocks showing the greatest level of alteration, chlorite and epidote are common.
Bedding is difficult to distinguish in most places but the rocks have a well-defined foliation that trends uniformly north-northeast with moderate to steep dips to west-northwest. In thin section the foliation is defined by aligned muscovite and biotite that wraps around cordierite porphyroblasts. Furthermore, within cordierite . . 61 porphyroblasts, muscovite and biotite grains have a random or reticulated alignment. The discordance between fabrics internal and external to the porphyroblasts indicates that cordierite growth predated the last phase of foliation development. Where the psammitic/pelitic rocks of the Glen Tosh formation are intruded by the dioritic and granitic rocks, they are contact metamorphosed and less foliated. In these contact metamorphic rocks cordierite has overgrown early ragged andalusite porphyroblasts.
These various relationships suggest the following series of events. Early somewhat random muscovite and biotite growth (with garnet and andalusite in rocks of suitable composition) followed by peak regional metamorphism produced cordierite porphyroblasts up to 10 cm in suitable (though rare) compositions. Peak deformation (and foliation development) postdated peak regional metamorphism. Subsequent intrusion of diorite and granite produced pronounced contact metamorphic effects including renewed cordierite growth (over early andalusite) and recrystallization of the matrix to produce a more granoblastic texture. The ages of these events are uncertain but Dallmeyer and Keppie (1993) reported a metamorphic muscovite cooling age of ca. 550 Ma from metapsammitic rocks in the Big Hill area, likely providing a minimum age for the metamorphism.
Mafic dykes occur rarely in the Glen Tosh formation, and are of dioritic and lamprophyric composition (Gates 2011) . Their age is uncertain but they may be related to Cambrian extensional igneous activity in the Boisdale Hills to the south ( Fig. 1 ; Gates 2011). Barr et al. (1982) divided plutonic rocks of the Kellys Mountain area into two main units, leucogranite (now termed Kellys Mountain Granite; Fig. 2 ), which forms most of the northeastern part of the mountain, and a more varied but less extensive dioritic unit that includes quartz diorite, tonalite, diorite, granodiorite, quartz monzonite, and hornblendite. The dioritic suite occurs mainly in the area between the gneissic and psammitic units of the Glen Tosh formation. The dioritic suite is intruded by the Kellys Mountain Granite, which yielded a U-Pb (zircon) age of 498 ± 2 Ma ). The dioritic suite may be significantly older, based on its similarity to varied dioritic, tonalitic, and granitic units dated at ca. 560 Ma elsewhere in the Bras d'Or terrane (e.g., Raeside and Barr 1990; Dunning et al. 1990 ). However, the close physical association between the dioritic suite and leucogranite is also suggestive of a comagmatic relationship. More geochronology is needed to resolve this uncertainty.
Plutonic rocks

GeOCHeMiStry
Seventeen samples were selected for whole-rock chemical analysis, 10 from the Glen Tosh formation and 7 from the Kellys Mountain Gneiss (Tables 1, 2, 3 ). Analyticial methods are described in Appendix A. The Glen Tosh formation samples include cordierite phyllite, quartz metawacke, and 8 more typical metawacke samples (Table  1) . The gneissic samples include 6 typical paragneiss samples and one sample with higher plagioclase and biotite contents ( Table 1) . The metawacke and typical paragneiss samples show considerable similarity in whole-rock chemical characteristics ( Fig. 3a-g ). The metawacke samples range in SiO 2 from 67.4 to 72.0 weight % (69.1-73.4 weight % calculated volatile-free) and the paragneissic samples from 67.1 to 72.8 % (68.4-73.7% calculated volatile-free). Other major element components overlap in both units, although the gneissic rocks tend to be lower in Fe and higher in CaO and K 2 O (Fig. 3b, d , f). The gneissic samples also tend to have lower volatile content (Fig. 3g) . The quartz metawacke sample has higher SiO 2 and lower Al 2 O 3 . The cordierite phyllite and plagioclase-biotite paragneiss samples have similar low SiO 2 (about 60%) and both have high Al 2 O 3 , reflecting their more pelitic compositions. Although element mobility during metamorphism may have affected the chemical compositions of these rocks, such consistency between petrography and chemistry suggests that the changes have not been substantial.
Trace element compositions are also similar between the Kellys Mountain Gneiss and Glen Tosh formation metawacke samples, as illustrated in Fig. 4 . Data from the majority of samples are closely similar to the average North American Shale Composite (Gromet et al. 1984) , as shown in Fig. 4a , further evidence for limited post-depositional chemical changes. However, the typically more mobile elements such as Cs, Rb, Ba, and Sr show more variability, suggesting that some changes may have occurred. The plagioclase-biotite paragneiss sample has higher Rb, Ba, Th, and Nb than any of the other samples, metawacke sample DM91-40 has high Sr, and DM91-34 has low Cs, Rb, and Ba compared to most other samples (Fig. 4a) . Sample DM91-40 has abundant accessory apatite compared to the other samples but is otherwise similar (Table 1) . Rare-earth element patterns in the majority of samples, both gneiss and metawacke, also show patterns similar to the North American Shale Composite (Fig. 4b) . Exceptions are cordierite phyllite sample DM91-19 and metawacke sample DM91-34 which have low and erratic light REE, sample DM91-40 which has high heavy REE, and plagioclase-biotite paragneiss sample DM91-01 which has high light REE (Fig. 4b) . On the more commonly used chondrite-normalized REE plot (Fig. 4c) all of the samples show elevated light REE, relatively flat heavy REE, and a strong negative Eu anomaly, a pattern typical of many felsic igneous rocks. The differences in a few samples . . *Mineral abbreviations: And, andalusite; Ap, apatite; Bt, biotite; Chl, chlorite; Crd, cordierite; Ep, epidote; Fpr, feldspar; Grt, garnet; Mcl, microcline; Ms, muscovite; Op, opaque mineral; Or, orthoclase; Pl, plagioclase; Qz, quartz; Ser, sericite; Sil, sillimanite; Tur, tourmaline. Other abbreviations: f.g., fine-grained; m.g., medium-grained. as seen in Fig. 4b are also apparent, but more muted due to the relatively compressed scale of the diagram. On a chemical classification diagram of Herron (1988) , all of the samples plot in or near the wacke field (Fig. 5a ). They plot in or near the active continental margin field on the depositional setting diagram (Fig. 5b) of Roser and Korsch (1986) . Both the TiO 2 -Zr and TiO 2 -Ni diagrams indicate that the sediments are derived from felsic igneous sources ( Fig. 5c and d) , and the sediments are relatively immature (Fig. 5d) . The low Ni that characterizes all of the samples compared to the North American Shale Composite (Fig. 4a) is consistent with derivation from felsic sources (Fig. 5d) .
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Kellys Mountain Gneiss
DM91-01
Sm and Nd isotopic data were obtained from 4 samples from the Kellys Mountain Gneiss and 5 samples from the Glen Tosh Formation (Table 4 ). The Nd isotope data are expressed following the ε-notation, after correction for the effect of in situ decay of 147 Sm, assuming a 650 Ma depositional age. Epsilon values calculated at 500 Ma, the minimum estimate for the age of metamorphism, are also given for comparison (Table 4 ). The ε Nd(650) show a range from -9.0 to -1.5 but no consistent differences between the two sets of samples; the range of values for the Glen Tosh formation (-9.0/-1.5) is broadly similar to that of the Kellys Mountain Gneiss samples (-7.1/-1.6) (Fig. 6 ). All but two samples (DM-91-03 and DM-91-11) provide consistent T DM model ages (DePaolo 1981) of ca. 1.4 Ga, interpreted to reflect the average provenance age of the detrital components, without any specific geological significance.
Two samples, DM-91-03 (Glen Tosh formation) and DM-91-11 (Kellys Mountain Gneiss) depart markedly from the rest of the samples in having distinctly less radiogenic Nd isotope composition (ε Nd(650) = -9.0 and -7.1) and older model ages (1.88 Ga and 1.75 Ga, respectively) that point to a much higher contribution of Early Proterozoic ultimate (bearing in mind the possibility of multiple, "cannibalistic" recycling) sources of the sediments. In contrast, the other samples are all characterized by relatively radiogenic Nd isotope signatures (mildly negative epsilon values) pointing to the relatively significant involvement of "juvenile" components in the source(s) of the detritus.
DiSCUSSiON
The chemical and Sm-Nd isotopic similarity between the gneissic (Kellys Mountain Gneiss) and metawacke (Glen Tosh formation) samples is consistent with the interpretation that they represent the same sedimentary unit at different grades of metamorphism. If they represent two unrelated units, or units of different age, then the sediment sources in both cases were similar.
The subordinate presence, in both units, of samples containing a major component with an old crustal residence age (T DM = 1.75-1.88 Ga) is an important similarity. It is consistent with the minimum age of ca. 1.84 Ga indicated by the upper intercept age provided by detrital zircons . . analysed by Keppie et al. (1998) in three samples of Kellys Mountain Gneiss. Because these U-Pb data were based on multigrain analyses (their Table 1 pelitic paragneiss of inferred volcanogenic origin (Keppie et al. 1998, p. 228) in the Creignish Hills (Fig. 1) . Such high Th/U ratios are typical of zircon derived from either mafic or alkaline igneous rocks. However, most chemical characteristics are consistent with a dominantly felsic source (Fig. 5c, d) .
In summary, Sm-Nd isotope data are consistent with a composite derivation of detrital components having fed the sedimentary basin or basins in which the protoliths of both the Kellys Mountain Gneiss and Glen Tosh formation were deposited. These sediments contained an ancient (ca. 2 Ga) end-member of recycled continental crust mixed with a juvenile component of Late Neoproterozoic age. However, major and trace element data indicate that the sedimentary protoliths were relatively immature and dominated by felsic igneous material, likely derived from an eroding active continental margin of still uncertain age.
The tectonic events that led to the near-juxtaposition of the Glen Tosh formation and Kellys Mountain Gneiss, parts of originally the same or similar sedimentary basins, remain enigmatic. On Kellys Mountain, the gneissic and lower grade rocks occur a few kilometres from one another, separated by plutonic rocks that intruded both. The U-Pb ages of 496 ± 5 Ma from titanite in an amphibolite layer in the paragneiss , and ca. 495 Ma 40 Ar/ 39 Ar (cooling) dates from hornblende, muscovite, and biotite in both the amphibolite and gneiss (Keppie and Dallmeyer 1989; Reynolds et al. 1989) indicate that post-metamorphic uplift was occurring in the Late Cambrian. Early to mid-Cambrian metamorphism is suggested by a nearly concordant 206 Pb/ 238 U age of 515 ± 1 Ma for monazite from the Kellys Mountain Gneiss reported by Keppie et al. (1998) , although they preferred the interpretation (consistent with their data from Creignish Hills and North Mountain) that the metamorphic age was 550 Ma and partially reset during granite emplacement. If so, then the metamorphic muscovite cooling age of ca. 550 Ma from the Glen Tosh formation at Big Hill reported by Dallmeyer and Keppie (1993) supports the interpretation that low-and high-grade metamorphism was synchronous in the Late Neoproterozoic.
The high-temperature and low-pressure metamorphic events in the Bras d'Or terrane have been attributed to a within-plate extensional regime that affected a pre-existing active continental margin, but the reason for the scattered . . . . distribution of the high-grade rocks and their tectonic juxtaposition with more widespread low-grade rocks such as the Glen Tosh formation remains enigmatic. They could represent ca. 500 Ma core complexes disrupted by subsequent tectonic episodes. Extension in the Bras d'Or terrane, as indicated by within-plate volcanic rocks in the Boisdale Hills, has been attributed to the detachment of the Ganderian microcontinental block from Gondwana (e.g., van Staal and Barr 2012).
CONCLUSiONS
The petrographic, major and trace element, and SmNd isotopic data presented here strongly support the interpretation that the Glen Tosh formation and Kellys Mountain Gneiss represent the same sedimentary protoliths, now at different metamorphic grades. Given the similarities among equivalent units elsewhere in the Bras d'Or terrane, it is likely that this is the case everywhere. However, the reason for the contrasting metamorphic histories and subsequent tectonic juxtaposition remains uncertain.
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